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ABSTRACT: 

A pipelined scheduler which allows easy implementation and control and further fair scheduling 
among input lines of a crossbar high speed switch fabric is discussed. By means of a round-robin 
communication scheme, a systematically ordered sequence of visits to time slots can be obtained 
regardless of whether the number of scheduler modules is even or odd by framing the time axis 
and using a priority matrix to reserve future time slots. Further, a Carry Over Round-robin 
Pipelined Scheduler (CORPS) achieves scalability to a large number of ports. Moreover, CORPS 
achieves one scheduling decision per line per slot, by scheduling packets in future slots. It is well 
suited to the support of Quality of Sendee traffic, since the choice of the queues to be scheduled 
is arbitrary. CORPS limits itself to resolve, in a fairway, the contention for output ports. 
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[0046] J^LLiOctotc, B#faiai5:7U-Afl:UTg 

^{zmtxmcow^K^'^j'^xayhmmimim 

[0047] mz. ^mXii. ^&LT-^7-9^-^R 
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[00483 01 Iti, 1^<o:^4^vjL-7^i/"ji.-/l/ 

rt^^j sMcofflafc:tjc#urN7ix-A^-cj[K««^ 

(izX':^xm^tihyu-j^<nm\t. m&tm^m 
^ttiSMt/i. '^m^'ji^3y^:mm-hfzibi,zM^fi 

fzmLC^y^^ y h iZiytlr>X mtl^i}:^-hizMLX i^ 

m-hXoizimm^tvo:^\ 

[OO5O3 0lli.tf. SMa*^ 4-i.^*i/s:d^-hpC 

LT S M a J: nJtXD *y h $:m X t -r 

S. ;^D.y hmn ( l^n<x) cOV^-mt>, ^t^J^- 

i:^l>. tafoT. dcoaitillSli. ^tc,tvtz 

[ 0 0 5 1 3 c o R p sj^^^-i/'jL- y y^^TfUzfij 

[00 5 23 ^-t/kXO-yhT. f-x>f yrtCOftSSM 

^'h/P^^rrs. Sjx-y-b->?Ji, t:ii*tS1pm<0N 



^^'a-UV^S (scheduling element. J.:lTSEi: 
E-r. > 5:^tf. y-b-i^ii, i/tA^/i** 

[00533 @12ti. S^y-fe->?i7)7:r-vy hiS: 

^@tci>v^r. s^-y-b-i;^tfo#xyi/ 

jL-'jy^P^SSEIi, ^^mraCTTL : Ti»e To Liv 
e). ^HJ^XVJ'/hlD (TSl :Ti>eSlot ID) . S 
M- I D, RX/^:h^-h I D ( OP I : Output Pbrt 
ID) 

-ffmfa(TTL)U. mSE$:^tt:SM{iZX-y 

xmmzNiz-t^vh^tih. 

AXu^yV) t^^xu-/ Vt'^xir'J^-'jy'/^ixht 

X'<r>xu'yV^hLx^^^ixh. x^-j-L-^jy^r^ 

ixhxu-/V<r>lDX'hh, 

- SM- 1 Dti. x^i/j.-^)yif^^l.tixiiii^- 

• ffi:^;K- hi D ( o p I ) (i. x^i^' jL- y y^$ii 

[0 0 54 3 Xa.yhcOgl5)tw. ^smi^t^^thSm 

n.y htcwt'i>n>tsE$:^o. hh^hsmx. 9 a 

Srffd. SMp*^x^i^'^-'jy^/ifc^$:ffoi©^. S 
M P tiJ^AT^Ort^?: W-r 4«r U i ^ S E ^m.^h . 
[00553 TTL^N 

■ TS I =3S^£cOXn .y AXDv 

h^T'CO (-eii^^O) XU-, v<rmim 
• SM-ID=p 

. 09\=9AJ^XVi^y (CTS+m) \Z.^Vth)^'!r 

y b if^Xhi^^- b P *^<c»aj:^rf^- b q J: d 

[00563 x'ri^^- U yir^mzipipi:>(yr. #s 
Mii. <5:c7)SM(c^-y-fe-5;^$:^-rfitc:, s^-y-b-s; 

F^c7>fficO-r'<.'CcOSEOTTLJ:r^"J^:^bL. TT 
L = 0(^SE$:iSKt4». 

[00 57 3 *SIvm. (N+1 ) NfflCOfiLSSr-^tf-Jf 
M'x>f »yf-^>''a-;KcJ:oTgg;^a3$ix2.m7U'-A 

tf9xyi;j.-yy^<^^^ifiii'r&. c:n^><o(aM*i. 

•T'^TiOSMtora-c, ^yv-M.\izm-hn-<ymkt: 
Wt. vK-:>*v):6^T':7nx/\'3yho-^tcioT 

'rV:^-^)yy^^tm'thtzih\,zm^^ixh. 
[00583 mi3f,ZnitXo{z. Wf<oy 
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[00 591 ifljh (Blockage) : dfltiSMj&^A^ri; 

[0 0 60] (Reservations) i :lix\t^■t^ix 

fz^>{JxXU y h\,Zm-i>X^i^':7.-^) y^ft^^^ 
^h. CORPSti. S:f>fAXO yh (CTS) tC^t 

Mtci^^^O^-T'^SlxIt^^^-tS. fi^oT. 9nx 
A'ti/a-;m. ffiSi7)SM (CTS) *»f>. 

[006 1] coRPsx'r-J:2.-^)yyr)v^^)X2^ 
^smt. z:LX'mmthcoRPsxiri^:x.-^)y^ 

*«ir«oai:^.-K- b S:x^r£/jL- ^jy^LXo b-^htf^lz 
m-hmmitc\^. m^int^-h^xir^J:^-'^) yy 

Qtci^-h-x-tsmr^OdfJ x-trfi^d . ® 1 4li:CO 
RP S;?.yi^'jL- 1; yrrr^l- XiH^T^-r^n-f-^ 
-ht'*)l». OT. :5'X:5';Ky^^l0 1'-l IOC-:) 

[00621 it-r. 0 1fc:*5V%T, I5<0S1VI*» 

1^) ^T^'U^^^h-r^* Ht^. -^;t<^ix/cSEtcit 
Ur TTL>OcO«^fC«±. TSI (^>fX.>^n-/hI 
D) ^T^V;<yhL. TS l{ci5(tS^ttiri/-f s 
c^350rr&. TTL=0cOJ^iCii. ^<DSE^S?( 
•y-b-x>A>l^-rS. i/c. ^r^U- (CARRY) 
7^^^^CARRY-=FALSEt:U-fe-y h-Ti (^>^ 
^ 1 0 9#8g) . 

[00631 ^V^T. :J'X;'102 (aStr^D y h<0|f 
3jW^>f A^^n-y h ( FT S: Future Tiae Slot) ^X 

y>^:jL-oyi/ix^ti'hi}-^sm^i. ©mwc 

if>^ ^(O^hV^XU^ FTS=f (CTS, SM_I 

[0 0 641 Hcc. sMimmmi,zt'<r>ti!i:n^-h (o 

PIS) Sr;^^yA-yy^UJ:3tt-&/>*S:SiR'r& 
(^J^^'IOB : aJ:^.if-bt^)Sffi) . ai:»3sK- 



§■511^^"^ S .COR P S liCt7>X f 5 X v-'^IS^ t 
[0065l^V^r. SC (FTS) ^7>^*i;xyh»Jf7) 

dt,-c. SM-iD*^c:iox^yj.-iiyi5^$'ll^f-r^» 

SM{zmt\i'^^<7)i(ihhi)^t'oi)^i:mz^:L y^-th 
{9X^f 104: >^n-y hi&a^3m^LTV^&*v^)x 
Xh) . 

[00661 tL. SM-iD*ic:<^;^^xj.-uy^ 

$:ll?fr^ SMtm^i^^X^it ( r^-X^ 1 0 4<^N 

o) . mz. SC (FTS) i7)SLitxyh';coo*>r. 
OPi (ai:;^.-K-hi D) xyi^jx-^jy^^^^ 
Tv^&as:^.if-hOP I sn^Lv^t,<7)*«abs*-t'd3&> 

«rf-x'yi?-rs (^X^105 : e4)-tiffljh$itrv^«» 
*^tX h ) . 

[00671 U^ihm±^tlX\^i>^i^it {1^X9 10 
5iOYES) , S^-yHr-j/^iJccOSMtC^-r (:5^X^ 
106) . 

[00681 et5H?W:3^TV^:itV^^^tf ( 5^:^^ 1 
0 5iONO) , SC (FTS) C0^'*!;xyh>;i0:?-<3» 

OPI (aJ:*j;K-MD))&J. x>>?ji.-'jy^<^r 
M;^rv^sai:^;K-hOP i si;:^Lv^to*<i>i>*-i:* 

d**^f-x y^-rS (:J'X^' 10 7: ^-fOAO-y him 
(yfLX\f'^ti}><07'Xh) . 

[00691 -emn .y h*«Kii>ilTV^:tt^i^t:tt 

(:$';^^' 1 0 7^NO) . SC (FTS) (Z. ge<7)S 
M- I D?rWLOP I ;ipOP I StC^Lv^iF-l^^xy h U 
^f^^L. TTL=N. TSI=FTSr. SM-ID 
JiSecOI D(C^t<. OP I =OP I SXhhSE^ 

i^m-h {^x^i08:xa^yh^nh) . ^<m. 

^x^ioe (S^-y-t-y^OStt^L) '^aiO. 

[007 01 cmpyh^e^^jm^tTv^s^ 

{^x^i OAcnvES) hh^'-^lt^coxvi-zhtf^mz 

5X^ixTV^^J^(^X710 7<OYES) Wi. im 

CARRY = TRUE/FALSE$:^x-y^^a. C 
ARRY = TRUEC0i^lCli. SC (FTS)<7)^ 

OPl^OPlSiOxyhg^rf^fi^L, 
'5-0t^V^%&K:«CARRY=TRUEK:-fe'y h 
m^Z. FTS-FTS + NtC-fe^ ht^ K9X^ 1 0 
9 :gML) . 

[ 0 0 7 1 1 ^X^' 1 0 9 C J: Oi^LiW^*«SI1t$*t 
ht. ^v^T^iiH^^x•y:7*^^fi?i^^ (^^^11 
0) . EP*>. FTSti. CTS*>/^2N2J:0^<;CIS 
nr^^:^^V\ (FTS-CTS) >2N2Tft^»d© 
^{9X^\ 10<50NOK) . x^-^y-fe->?i&a5L 
riM^r^^^-rS. FTS-CTS) S 2 N^cOJ^-^fc: 
(^X^ 1 1 OfOOK) . ^X9 1 04'\MI), 

[00721 CORPSr/l/rf'JXA&fflV^&CtTtl 
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hh. supmk±^fix\i^ht\t. ^jL-q*5eitcx 

10073] l5lttli:^]^-K-hq5rjf^Lr;^^>?jL-U 
i^:/LJ:oi:-r&m|i<OA^I^-K-h ( SM) i^-k-y hSr 

- h q fciit LT S M i (C J: oTJ^^^-'i- U y^^ns 

ti. ftSOMiaA t&lf i . j eMtcj^LT. 
I ni<» (At) -nj^ (At) I 

Xhh^. m-yxT (m-iiH^) X'hht^^O. ^ 

[00 74] CORPSJi. m-4H^(l<in^N)T 
4-;t'^n^v::5^D'yht stct>v^Tm:bjJ^-bq(c 

t^^mzmhtix\^^i>f)-t'of}-(Ofxh^i'i>::t^;LX' 

t^^l^3&>4»T'*^ 01 4C0:J'X^ 10 5). ZtL^cO 
mffl<J5SM*«Xn«y f t s t:*5V>TffljJ:;&nTvv5r»,45 

■^^ t s + nN ( Kn^i ) <0mzmm<r>^^ XO y 

hizr^-txi-m-<oiimiimbmF^mtx 

XhO. zti(>coSMii;iti(><^xny)>^zn 
( $ t>^r*tMI«n4>«t s tciJV^Tffljh^iiT ) 

-x.tciocox^i;i-uy^j^^^'r^>i:ttitf, ^ 
SMti. ^^rs-Yci\iznLXd^<r»\yv-Mz^UX' 



[0075 1 ©^iiS*'i^5^V^i>OTAI). 

-r^xamm-h smim^zn^<7y=f^mnhct \.z 

[0 076] ^h\,z. m\^%-m(r>hbX\t. ^cry^i] 
[0077] C0RPSr-^x^'^'rt3OV^TVK-:> 

KO, ttE<^:^T';^D'y htfDX^i^'j.-'jy^^y^^^- 
/s:tf*^Or$>S**\ %xo}i)k(riXu^yV(.zis\,^x. m 

i^xrAii. mi\.z i-im<ns}A<^?^im^ 

[00781 CORPSE. 1^<5D7^-Atc:*)>::0/^ 

'>-vYxyi^:L-^)y'/^mh:it\izx^xmm^m 

m-t. Vt-^X. m>X^^J:L-yl,Z]t^X. 

y\-7^--7>'x^^^t-&. ^am. mmLmtf^ 

[0079] h^7^ •y:7MC^^>'N-y-yb3i@tC 
§g LT7.:Jr J.- 7iOM'7 :!■- -7 y ^r^filif ^/Ci^ 

CORPSco^ff^xyl^^rf^riSTS. mTTIi. fS 

[0080] (i)-mh77^'y^^Sm5SS, t>J:tf 
( i i ) #SM(cJ:5^>^A^rVOQ^jLHS«? (g| 
14^05^::^^ 103) . 
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mmtii> i ) . ^-ox. ^(ovoQiznt 

hh. OT> Chipalkatlilf ( "Protocols for Olptical 
Star-Coupler Network usin« hOM," IEEE Joumalon S 
elected Areas in Cooiuni cations. Vol. U. NO. 4. M 
ay 1993) {Z'^ot. ^'<X<r>VOQ<r>nm^iPpXh 

^ji.-<rywmtl+ (N-l) pf,zX'oX^-t^ixh. 
[0083]$^ qi: SSqcoiWiS:^ 

^T^V^t^R^LTV^^cOtcMtT. r\,Z\t:i<mm^ 
^rv^tv^d^T'. r{iq^{«=5:S. iJ:^*»fi&0^oco 

[00841 r = pq=p/N ( 1 ) 

[0085) Q.„i0^^i».^«4iaT^oJ: 9tc^T;u^-r 

^-9p/n<r>^mMzVto.^J^1ryh\i.. SM 
iZX-yXMia^fihtX-^^Ltc^^ki^x^tcW ^<r> 

mi\t. ^•t^tLfzy(^xi-/Y\,zi6\^xvmciX'^:Lh. 
m^^ixft^. m\A<r)^x9\0 5\z^'ox. x^'j 

xhh^. ^f^^^/va^syiizx-oxmnR^ixht 

x<r^mmmt. )^=7:^-9 s =q ( 1 - Pb ) amn 

%Mzm. ^:LXWit-t^X(n)^ii'^'^^-v\zn\.x 

n-xhh(ryx. i.mm'x^^^t't^hifx^h. 



\t. l't^9^h.7.u*jVij^r>X%h<r>^WSk\.. 
[OO86)015li. Q.„^a~>fyiJ^i^^f'AtCffl 
tii-fGeo (p/N)/'Geo ( s ) / 1 ^ jL-tCjn 
corp3^rSft&. -it»4^ CORPSA^^Ui-'gyi^ftl 

[0087] CORPS$^a3St•|.>'^•^'y^^0l«^#SS 
ti. Geo (p/N) /Geo {s) /WzmhW^ 
ggt, ¥JMS<Dcorps> i:«0WzJ:oT4-;c^ii 
S (M. J. Karol. H. G. Hluchyj. S. P. Morgan. "Inp 
ut Versus Output Queuing ona Space-Division Packet 

Switch", IEEE Transactions on Communications, Vo 
l.COM-35. No, 12. pp. 1347-1356. Dec. 1987, #HB) . 

xmLxmL\jX\^h\><n):M-'Xhh) . 

[0088] 



(2) 



iZfzl.. SU, Geo ( s ) ^^:r&^0l|$^3^'& 

^, <j:jz. {iy^o.v^ycrmmz^\,^xwm-h. 

[0089] Q.^tm^^ixrz h;&«Geo 
(p/N)/Geo {s) /l^\^fz)^. \^<r>ti^ 

(S14tfO^X^ 1 04 ) . XD yh*\ SMtlio 
aj:^3.-K-bnt:*tLT«lrW$n45l^i&Po"fc'r 

[0090] 
[£t2] 



(3) 



[009 1] CORPStCiiltf, SMjtpmr^^^;^ 
[0092] ^com^. SM3&JV>-m3JpCO.-K-b^mW 



Po=l- d-Po")" (5) 
[0093101 4(09 -^X^thtm 

3m <Do> irAjsazx-ox^t^tit. 

[0094 1 
[SB] 
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(6) 



[00 9 5] SMm3!j5g%5(c:IWt/t:Xn-y h*«^t^TU 
(mi4cO:$^X9 1 04. 1 05. i5j:tf 1 07 



= ;W|t, = ll = jj 



[0097] ±ffiO^(i#(C. SMm3&i;^D y h ^mi 

VA-Uyr/^^J&^^^-C*)^. SMs (snfcm) 

0 



CD^orp. = J N I v= i ] fc^S. Mitf. mj&f-e^O 
:^n .y h$rlWi5fi*JOSM-Cft&iS^. 
[0096] 



(7) 



tirT'i>6C:i:^^-r&t. P [D„rp. = JN | v 

[0098] 
[^5] 



(8) 



[ 0 0 9 9 ] ^ ( 8 ) <7)±mi. mij^xvy hiJrifeiiS 

-im<osMi^mtm^i^'^mi}^hht\>'^o::tX' 

(Dcorps = JN**Ov=i )<;7Jg<^tH7)^^ 

M ^ i ^ N i # a (omsmxh hctimL<wp 
[0100] mz. i^ayj^^j fcofli^s®Dc*i»: 

[0101] 
[S[6] 

T = i + ^[i + (iv+i)(i- 



[0102] CORP SX^i;:x-y\zX O^t^^ 

10 103] 
CS17] 

[0 104] m.-t^^mmm^tp^xhi>. cm 

•yhtcfcl^T. loc7)SM3mih$ii$«[^-Cft^. <5C 

[0105] 
[£[8] 

2[l-(l-r)^fT 
r 

(H) 



[0 1 06] Geo (s) (zjl^LT. <S>=l/s i^3iSti»:<0 J: 3 tc^ S . 

<S (S-1) >-2 (l-s)/s«r&SCi: [0107] 
l-PW/<^yh*?>';^TATS*t&^¥ [^9] 
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D = 



P(l-^) 

iV(JV-l) 
2 



+ - + Ar 

8 



T + JV 



-(//+ 



(12) 



>::^'L, s = q (I-P5) -CfcS. fi^033lii. X 

[01081016 CORP Si03i3©^X;U-r -y 
6X1 6X>f •yf-C0s^5AV->'3yfcitlSt:'ti>i0^r 

jB;9Si:Sr^*-'^$^5^i:tcJ:0. /t^r.y ^;^,^sM;;^1^r 
X X A £0 J. & ^ V ^ t ^ < -gtr s . 

mzKci>. ZiM. ^^yyhiJ^VOQ^a.-l.ZPm^^ 

fcv>T. C0RPS*?9^<tiJ^c<?>v^'Cv^^c:i:$:S* 
flfi*. CORPStCioT^b&VJ^SMti, li 

[0 1 101^$:»ftSfca6. aiTtC. 16X16 
CORPS;^>f 'y^tim«»^ii®i?)fflffi5^^$:^-r, 

0. 8i5J:t^0. S5(om^<oi><ovhh. ^-f. v^-f 

<J:»)^<(i*»*^j^^v^::tcaB$ns. ^nti. co 
RPSTii^fin 'J i^B yj&^ecs:: t $:i^LTv^^:i^ 
CttciS. mK. ^^<^)r-/Hi, NV2 = 128 
nj^<7)ht:*)T^(lih'yX\^'^hXdizM.ti>. t*»t, 

' 2(1 -p) 



[0 1 1 1 ] 01 Sii. CORPS^rHSr^i^^^xA 
ro y^HT'^S. VOQM^i-'jL-;Wi:. ^^y-yh^ 

LTS^^rtTO. SM^>^a-;m. ^-/-t-S^'SSL 
S-KffllL. CORPSxyS/a-^S:|^^^>. SM* 

iz-?\^xmm-h. zc^ymiiiwoQM^z^mti. 4 

i.<on>::;^D'y yt^'yh*\ ^^tlh^ 

[O112]04'. SMt'^x:iXJ^^yhu-y<Ol^€0 
mmii^<Xi:j&txnhti^Xdiz^^tiXi'^6i)\ Z 

Srr^^Th^. miiOjSiR«m^v^A;u-rv hx- 

^^iz. voQX'mi^hx^i^jL-^<r>7^^it 

X. l-SLIPaifRRGStC0ifc«E$r^fd. ^0 
rW-i^ 3 >^T1i^r< 1 T^-^- 3 V<7)S L I P 

t. i-sLip (i>i)<i. mmmz. xoyh^ 

[01143 >'t74— Ty-xifcttCfcv^r, l»«fd%ll 

hyy< >y^CirrsRRGSi>J:t^SL I Ptogg/N- 
7 * - vy ;i^Jia;oJ: 9 tijfiffil-r 5 C t J&^r ^ . 
[0 1153 
[^103 



I TV 



(13) 



(14) 



[01163 RRGSiO^^Hov^Tii, *ailSAtcJ: 
Sl^gl^l 1-1 7 2 584#tCieiJi$ilTi59. SL 
1 P<^te*Col.^T«. N. HcKeown. "Scheduling Cell 
s inan Ininit-Queued Switch". PhD Thesis, Universit 



y of California at Berkeley. 1995. (C^$ilTV^ 

[0 1 1 73 @i 9t:, c;tii?><or;nfyXAOTJ^ 
^xtv-r^v<nf<yt-^yx^. coRPStW 
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CORPS\i. mm¥±t<^j:hm^U. SLIPiO 

J: ate, ztihcomco^^it. mmco^^ rrg 

hm^^^i^jiyhir^i-h. RRGS<^^. ZtM. 

m±^')'JBymktzXhh(m:hh. L3&*U, cor 

PSJi. RRGSClt^T2Oi0f«J^$:^rr^. 
( i i ) fm\iZ.^^£X^'J:^-yThh. 

SLi P{>i/s:^^^;^^ryi-^r'ft&3&^ -e^nti 
[0 1 18] Hy^f7)i^tc, coRPSti. t'<r>\^ij^ 

(0 1 \ ^\imwmoQimkxvv'ri;\t. voq 

(VOQM) ri:tCtTt)nSi>cOT'$>5. CORP SO 
^^tcfflv^it^ >'/x.StRx h ^ri^'tiCiO^ extern 

[0120] -^M^^^J^^ y^?' (WFQ : Weig 
hted Fair Queuing) Ji. h3c^9f^itt-*>V^ 
Xllk<^hfVtt^-\f.7.7.Vy'fVXhh (W;t<f. H. 

Zhang. "Service Disciplines for Guaranteed Perfor 
nance Service in Packet-Switching Networlcs", In Pr 
oceedingsof IEEE. Vol.83. no.lO. pp. 1374-1396. Oc 

t. 1995, #BS) . -e^o^i-^U. m^«oa^*;:«!o 

-fc'xi^-h^ffisi-r^tudtiTjr^i,, VOQ c 
oRPsx>f y-^tctjuT. ^-hiir^-v^mt. hi>m 

coBfgfttt^ y h U-ytZX oT^COVOQMtr^ail 



[ 0 1 2 1 3 ^- ^©j»1^-h*;^ ( R C S : Rate-Contr 
oiled Service) fflmU. b 77 ^ -y ^ 70 

(L Georgiadis. R. Gu 
erin, V. Pens. "EfficientNetwork QoS Provisioning 
Based on per Node Traffic Shaping". Proceed ingsof 
INFOC0M96. vol.1, pp. 102-110. 1996. #^) . Zfl^ 

^ -y^i^jL-J^iZX-oX^m^tlh. ^(yiz^ hyy^ 

<mi^^mXo\,z^ixh. hyy^ 'V^i^ji-J^lt- 
^)-^-f^'r-/Vr}Vz^^)XMzX->Xm.^tl 
^« J. Turner. "New Directions in CoHnmi cations, o 
r Miich Way to the Information Age?", IEEE Conuni 
cations Magazine, Vol.24. PP.8-15. 1986. Ui. ^ 

(nXo*irtV'd^)XJ^a>\r>imWL^ixX\^h. s*w 
X. lo«h-^>-r^i:)^>'N-$'y hffl) ^W-r^^V 

^^ii^tiif>{iZii/^-^^hi:^^b'tt. mm^tu:: 

[0122] ±l2<352OC0-9--b':^fflt5»i, /'C^ry h:^ 
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